Glomerular renin synthesis and storage in the remnant kidney in the rat  by Rosenberg, Mark E. et al.
Kidney International, Vol. 40 (1991), pp. 677—683
Glomerular renin synthesis and storage in the remnant kidney
in the rat
MARK E. ROSENBERG, RICARDO CORREA-ROTTER, TADASHI INAGAMI, STEFAN M. KREN,
and THOMAS H. HOSTETTER
Department of Medicine, University of Minnesota, Minneapolis, Minnesota, and Department of Biochemistry, Vanderbilt University,
Nashville, Tennessee, USA
Glomerular renin synthesis and storage in the remnant kidney in the
rat. The intrarenal renin-angiotensin system can exert local control of
the nephron and its circulation. In the subtotally nephrectomized model
of chronic renal disease in the rat, angiotensin appears to play a
prominent role in glomerular function. Glomeruli in this model demon-
strate greater staining for intraglomerular renin by immunofluorescence
microscopy than do those in control rats. Glonieruli from remnant
nephrons contain increased renin content. Also, glomeruli from rem-
nant nephrons contain an increased proportion of the mRNA for renin.
Adriamycin-induced nephrosis did not evoke the same degree of renin
staining and did not lead to increased glomerular expression of the renin
gene, findings that argue against permselective defects and glomerular
trapping as the sole cause of the glomerular renin in the remnant kidney
model. Thus, renin synthesis and accumulation occur in the remnant
glomerulus and this migration may underlie in part the dependence of
glomerular function on the renin-angiotensin system in this model.
The renal renin-angiotensin system can exert local control of
the renal circulation [1—4]. Several lines of evidence suggest
that the renin-angiotensin system (renal, systemic, or both)
dictates tonic hemodynamic actions in the subtotal nephrec-
tomy or remnant kidney model of renal disease in the rat. For
example, chronic converting enzyme inhibition alters renal
hemodynamics and glomerular permselectivity in this model
and acute infusions of competitive antagonists of angiotensin II
have directionally similar effects [5—7]. However, the available
measurements of circulating levels of renin concentration and
angiotensin do not suggest extraordinary systemic activation of
this system in the remnant kidney model [8, 9]. The absence of
changes in the systemic activity of renin suggest that intrarenal
distribution and/or levels of elements of the renin-angiotensin
system may be responsible for the observed renal responses to
blocking agents in this setting. The purpose of the present study
was to examine intrarenal renin in this model.
Methods
Animal models
Adult male Sprague-Dawley rats weighing approximately 250
grams were anesthetized and subjected either to subtotal ne-
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phrectomy by right nephrectomy and partial (approximately
two thirds) infarction of the left kidney by ligation of two
segmental renal arterial branches or laparotomy only. The
former procedure is referred to as the remnant kidney or
subtotal nephrectomy and the latter as sham or control. Both
groups were allowed free access to water and standard rat chow
(Purina Lab Chow). Four weeks after surgery, the studies were
performed. To examine the distribution of intrarenal renin in
another proteinuric state, adult male Sprague-Dawley rats
weighing approximately 250 grams were injected intravenously
with adriamycin (4 mg/kg) or vehicle and allowed free access to
water and chow. Four weeks following injection, the studies
were performed. Protein excretion was measured on a 24 hour
collection using Coomassie blue dye.
Immunofluorescence microscopy
Rats were anesthetized with mactin (BYK Gulden, Kon-
stanz, Germany) and the left kidney removed. Tissue was
snap-frozen in isopentane and 3 M thick sections were cut on
a cryostat at —20°C, fixed in acetone, and stained by a double
antibody sandwich technique for renin and albumin. Dilution of
1:100 of the rabbit anti-rat renin antibody or the goat anti-rat
albumin antibody were applied to tissue sections, incubated for
60 minutes at 20°C in a humidified chamber, and then washed
three times with phosphate buffered saline. The preparation of
the antibody to renin has been previously reported [10, 111. Its
specificity was ascertained by the lack of cross reaction with
human renin and rat cathepsin D, a structural homologue of
renin. The goat antibody to rat albumin was obtained from
Cappel Laboratories (Malveran, Pennsylvania, USA). The sec-
ondary antibodies, fluorescein isothiocyanate conjugates of
goat anti-rabbit IgG or rabbit anti-goat IgG (Cappel Laborato-
ries) were applied in the same fashion as the primary antibody.
The tissues were examined using fluorescence microscopy for
the assessment of renin content. Positivity was defined as
fluorescence in discrete areas or structures. The presence or
absence of such staining was noted. The presence or absence of
a vascular pole staining for renin was noted for each glomerulus
examined. The degree of glomerular staining was quantitated as
the number of quadrants with staining. Thus, a glomerulus
would be scored zero if no glomerular staining for renin was
noted and four if all four quadrants held staining. An average
score per glomerulus and the percentage of glomeruli with
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intraglomerular and vascular pole staining were calculated.
Thus, a maximum score would be four. The presence of a
vascular pole with positive staining was also noted. At least
twenty-five glomeruli were examined for each rat studied.
Tissues were not studied in a blinded fashion as the remnant
kidney was obviously different from control based on the
presence of scar and glomerular size. One or two sections were
examined from each rat. Kidneys from five sham operated, four
subtotally nephrectomized rats, four vehicle injected and four
adriamycin injected rats were studied.
Renin activity measurements
Rats with remnant kidneys and their controls were anesthe-
tized and the left kidney was removed. The cortex was minced
into small (1 mm3) bits and passed sequentially through 250 jim,
150 m, and then 75 m metal screens. The material was
washed through the screens with phosphate buffered saline
containing 0.1% Tween. Those fragments trapped on the 75 m
screen were then employed for studies of glomeruli and those
fragments remaining on the 150 m screen were employed for
studies of tubules. The technique is a modification of that
described by Savin and Terreros [12].
Renin content was measured on the glomerular preparation in
the following manner. The glomeruli were suspended in a
buffered solution composed of ammonium acetate 5 mrvi, EDTA
2.6 mrvi, dimercaprol 1.6 mrs'i, 8-OH quinulinol sulfate 3.4 mM,
and PMSF 0.2 m. Multiple 50 jil aliquots of a well mixed
suspension were removed for measurement of glomerular num-
ber by counting in a standard hemocytometer at 40 x power
under light microscopy. The remaining solution was freeze-
thawed three times using liquid nitrogen, homogenized and
incubated with trypsin 5 mg!ml for three minutes at 4°C [131.
Trypsin was neutralized by addition of soybean trypsin inhibi-
tor. A 100 d aliquot of the homogenized suspension was then
removed and digested in 0.25 N NaOH and the protein content
measured by the Coomassie blue dye method. After centrifu-
gation of the remaining homogenate, renin content was mea-
sured in the supernatant. The enzyme content was measured by
the radioimmunoassay of angiotensin I after incubation of the
sample with excess renin substrate in the form of nephrecto-
mized rat plasma at 37°C for one hour at pH 6.0. The reagents
were obtained from New England Nuclear (Wilmington, Dela-
ware, USA).
Plasma renin activity was measured in the subtotally ne-
phrectomized rats and their controls as the generation of
angiotensin I after incubation at 37°C for one hour at pH 6.0
using the same radioimmunoassay reagents but without added
substrate. Total plasma activatable renin activity was also
measured using the same method, but after incubation with
trypsin 5 mg/mI for three minutes at 4°C to activate proteolyt-
ically circulating prorenin [13]. Prior to assaying for renin
activity the trypsin was neutralized by the addition of soybean
trypsin inhibitor. The plasma samples were obtained from the
rats via a femoral arterial catheter. The catheter was placed
under methohexital anesthesia and the rat allowed to recover
for three hours in a restraining cage before arterial sampling.
Whole kidney renin content and protein content were mea-
sured on the supernatants and suspensions, respectively, of
homogenates of kidneys after three freeze-thaw cycles as for
the glomerular preparations described above.
RNA extraction and northern blot hybridization
Total RNA from whole kidney or sieved glomeruli and
tubules was isolated using a modification of the guanidinium-
isothiocyanate/cesium chloride method [14]. Glomeruli and
tubules from groups of rats were pooled to yield sufficient
material. Material from six rats were used for each pool. The
RNA was dissolved in sterile water and RNA concentrations
determined by absorbance readings at 260 nm. Aliquots of total
RNA were electrophoresed in a 1% agarose gel containing 20
mM MOPS, 1 mii EDTA, 5 sodium acetate pH 7.0, and 2.2
M formaldehyde and transferred to nylon membranes (Duralon
UVTM, Stratagene, La Jolla, California, USA) [15]. In each gel
equivalent loading of RNA, absence of degradation, and the
position of the 28S and 18S ribosomal RNA was determined by
ethidium bromide staining. RNA was fixed to the nylon mem-
brane by ultraviolet cross-linking (StratalinkerTM, Stratagene).
The membranes were prehybridized at 60°C for four hours in a
buffer containing 5x SSC, 5x Denhardt's reagent, 50 mM
Tris-hydrochloride, pH 7.5, 0.1% sodium pyrophosphate, 0.2%
SDS, 200 .tg/ml sonicated, denatured salmon testes DNA, and
100 iiIml yeast tRNA. Hybridization was carried out at 42°C for
16 to 18 hours in a buffer containing 50% formamide (deion-
ized), 5 X SSC, 1 X Denhardt' s reagent, 50 mM Tris-hydrochlo-
ride, pH 7.5, 0.1% sodium pyrophosphate, 1% SDS, 100 j.gIml
salmon testes DNA, and 100 jgJml yeast tRNA. The renin
(pRen44.ceb) (gift of K.R. Lynch) [16] and a-actin cDNAs [17]
were labeled by nick-translation using 32P-dCTP (3000 Ci/mmol;
ICN Biomedicals, Irvine, California, USA) to a specific activity
of 1 to 2 x io cpm/g DNA. The membranes were washed for
45 minutes in 2x SSC, 0.1% SDS twice at room temperature
and once at 60°C, and were then washed in 0.2x SSC and 0.1%
SDS at 60°C for 45 minutes. Autoradiographs (Kodak XAR-5
film) were obtained.
Statistics
The measurements of glomerular and vascular renin staining
and renin activity in plasma, kidney and glomeruli were com-
pared using the unpaired Student's t-test. Numerical data are
expressed as means 1 standard deviation.
Results
Immunofluorescence microscopy
The large majority of glomeruli from remnant kidneys
showed staining within the glomerular tuft for renin whereas
few of the glomeruli from control kidneys demonstrated such
staining (83 15% vs. 9 8%, remnants vs. controls, P <
0.001, N = 5 and N = 4, respectively). Furthermore, the extent
of staining per glomerulus was much greater in remnant glomer-
uli with a mean score of 2.33 0.32 as contrasted with 0.20
0.14 in controls (P < 0.001). The glomerular staining was
predominantly in multiple discrete collections, apparently in
epithelial cells, mesangial cells or both (Fig. I A and B).
Albumin staining was observed in a generally similar pattern
within remnant glomeruli, however, the albumin droplets were
also notable in proximal tubular cells, a site at which renin
staining was not present.
Adriamycin-induced nephrosis tended to cause a higher prev-
alence of glomeruli with staining for renin than in the vehicle
injected rats (45 12% vs. 21 17%, adriamycin vs. vehicle,
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Tabk 1. Glomerular renin activity
Glomerular renin content
—
pg AI/hr/glomerulus ng Al/hr/mg protein
Control
(N= 12)
Remnant
(N=12)
39 25
81 26
832 635
1340 470
Values are mean 1 standard deviation.
a P < 0.05
Glomerular renin content
The glomerular renin content was increased in preparations
obtained from remnant kidneys whether the activity was nor-
malized for glomerular number or protein content (Table 1).
Blinded light microscopic assessments of glomerular prepara-
tions from both groups revealed that small elements of the
vascular pole were present on 7.4 6.4% (N = 5) and 7.8
12.6% (N = 5) of the glomeruli from remnants and controls,
respectively. Thus, a disproportionate contamination with arte-
riolar renin seems unlikely to have accounted for the differences
in renin enzymatic content.
Glomerular renin gene expression
Fig. 1. Immunofluorescence photomicrographs with anti-rat renin an-
tibody. A. A control glomerulus with positive staining at the juxtaglo-
merular apparatus x 470. B. A remnant glomerulus with staining within
glomerular granules x 470.
0.05 <P < 0.10, N = 4 for both groups). However, the extent
of staining was more similar as judged by glomerular scoring
(0.57 0.18 vs. 0.40 .45, P = NS, adriamycin vs. vehicle).
Urinary protein excretion was 562 124 mg124 hr in adriamycin
treated rats (N = 6), and it was 232 129 mg/24 hr in remnant
kidney rats (N = 7). Thus, unlike the remnant kidney models,
adriamycin evoked only modest glomerular renin staining de-
spite substantial proteinuria in both groups.
A lesser fraction of remnant glomeruli had an attached
juxtaglomerular apparatus with positive staining for renin (3
4% vs. 20 11%, P < 0.05, remnants vs. controls). On the
other hand the adriamycin and vehicle injected rats demon-
strated similar fractions of glomeruli with staining in an extra-
glomerular vascular pole (18 11% vs. 14 7%, adriamycin
vs. vehicle; P = NS).
Northern blot analysis demonstrated strikingly greater
amounts of renin mRNA in glomeruli from remnant kidneys
than those from controls (Fig. 2A). Indeed, the expression of
the renin gene in glomeruli from controls was not noticeably
greater than in tubules from either group. Expression of the
a-actin gene, while enriched in glomeruli compared to tubules
(Fig. 2B), was not greater in remnant glonieruli. Renin mRNA
from the whole kidney actually represents a smaller fraction of
total RNA in the remnant kidney than in the controls (Fig. 3).
The glomeruli from adriamycin nephrotic rats expressed no
greater amounts of renin mRNA than in their controls (Fig. 4A).
Indeed, lesser amounts were noted. Also a-actin mRNA was
higher in glomeruli than tubules in adriamycin and vehicle
injected controls, but it was not different between nephrotic and
control rats (Fig. 4B).
Plasma and whole kidney renin activity
Plasma renin activity, trypsin activated plasma renin activity,
and whole kidney renin content were not different between
control and remnant kidney groups (Table 2).
Discussion
Renin accumulates in glomeruli of the remnant kidney, as
demonstrated both by immunofluorescence microscopy and
enzymatic assay of glomeruli for renin content. Two possible
mechanisms exist for this phenomenon and they are not mutu-
ally exclusive. First, renin synthesized and secreted at the usual
site upstream in the juxtaglomerular apparatus may be trapped
within the remnant glomerulus due to alterations in capillary
hemodynamics and permselectivity. Reabsorption of presum-
ably filtered renin has been described in renal tubular epithe-
hum and by analogy could occur in glomerular cells [18]. Rats
with adriamycin-induced nephrosis had substantial proteinuria
but lesser degrees of staining for renin in their glomeruli,
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Fig. 2. Autoradiograph of a northern blot of whole kidney, and pooled samples of glomerular, and tubular RNA hybridized with (a) renin cDNA
probe, (b) cx-actin cDNA probe. wk: whole kidney RNA from a sham rat; g: glomerular RNA; t: tubular RNA. Each lane contains 7 sg of total
RNA. Glomerular renin mRNA was higher in remnant compared to sham (control) animals. a-actin was higher in glomeruli compared to tubules
in both groups.
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Fig. 3. Autoradiograph of a northern blot of whole kidney RNA from
two remnant (Rem) and two sham rats hybridized with a renin cDNA
probe. Each lane contains 20 g of total RNA.
suggesting that only a portion of the glomerular renin accumu-
lation may be attributable to associated permselectivity defects
and trapping. Second, the remnant glomerulus may become a
site of renin synthesis. Our data support this latter mechanism,
since renin gene expression was much greater in glomeruli from
remnant kidneys than in control glomeruli, while lesser renin
gene expression was noted in glomeruli from the adriamycin
nephrotic rats compared to their controls.
As assessed by renin gene expression and the enzymatic
measurement of glomerular and whole kidney renin content, the
glomerular fractions are relatively modest. Indeed, these as-
sessments emphasize the fact that measurements at the whole
kidney level may mask intrarenal shifts in renin. However,
relatively low levels of enzymatic activity might subserve an
important role in an autocrine or paracrine fashion within very
localized environments such as the glomerular mesangial com-
partment [1—4, 19, 201. Indeed, tissue levels of renin activity far
below that of the renal cortex (or the remnant glomeruli) are
found in tissue such as extrarenal vasculature [21]. Neverthe-
less, substantial data exists for a regulatory role of such levels
of renin activity [3]. The reduction in the fraction of glomeruli
associated with juxtaglomerular staining for renin suggests that
the usual arteriolar site for renin synthesis may be diminished in
the remnant kidney. However, a more quantitative appraisal of
the length or even volume of arteriolar renin would be needed to
determine formally whether a reduction in juxtaglomerular
renin attends the increase in glomerular tuft renin [22, 23].
While a contamination of the glomerular preparation by dif-
ferent arterioles could contribute to the observed renin activity
and renin mRNA, two factors militate against such contamina-
tion as the cause of the observed differences. First, the fraction
of sieved glomeruli with attached arterioles (afferent, efferent,
or both) was small and not different between remnants and
controls. Secondly, the immunofluorescence studies provide
clear demonstration of immunoreactive renin throughout the
glomerular tuft in a large fraction of the remnant glomeruli.
Shifts of preglomerular vascular loci for renin storage and
presumably synthesis have been previously described [22—24].
For example, Gomez et al have charted the migration of renin
containing areas by immunohistochemical techniques during
the course of normal maturation in the rat and under physio-
logic and pharmacologic stimulation to renin secretion [22, 23].
However, the appearance of renin within the glomerular tuft
has been experimentally noted only in states of salt depletion
CohIp___*
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Fig. 4. Autoradiograph of a northern blot of whole kidney, and pooled giomerular, and tubular RNA hybridized with (A) renin cDNA probe, (B)
a-actin cDNA probe. A: adriamycin nephrosis; C: control. Each lane contains 20 g of total RNA.
Table 2. Plasma and kidney renin activity
Plasma renin activity
after trypsin
Plasma renin activity activation Kidney renin content
.tg Al/hr/kidney g Al/hr/mg proteinng Al/mi/hr
Control 4.6 1.6 12.6a 2.7 315 43 2.1 0.3
(N =6)
Remnant 38b 0.6 10.2 4.3 294 115 2.2 1.1(N=5)
Values are mean I standard deviation.
a N = 5 for this determinationb N = 3 for this determination
and mineralocorticoid deficiency [25—27]. In these circum-
stances, the cells containing renin appear first at the vascular
pole of the glomerulus but with protracted mineralocorticoid
depletion they include the entire tuft [25]. The finding of 10 to 20
percent of control glomeruli with staining for renin should be
viewed from the perspective of the additional finding that this
staining was to a very low extent. Thus, small amounts of renin
were detected in occasional normal glomeruli. Based on mor-
phologic criteria, mesangial cells have been viewed as the renin
producing glomerular cells in these conditions [25]. Further-
more, mesangial cells are capable of secreting renin when
cultured in vitro [28]. Thus, mesangial cells seem to be the most
likely candidates for the site of intraglomerular renin synthesis.
However, a migration or expansion of true juxtaglomerular
cells within the glomerulus cannot be excluded.
While this same pattern of glomerular immunostaining for
renin has not been reported in human pathologic material,
variations in vascular staining have been recognized within the
diseased kidney [29, 30]. Indeed, even within the normal kidney
internephron heterogeneity of renin synthesis and storage oc-
curs. Not all nephrons have renin staining in their associated
juxtaglomerular cells and superficial nephrons have greater
renin stores than deeper ones [22, 31]. Furthermore, additional
patterns of internephron variation in renin synthesis may con-
tribute to the well recognized but poorly understood phenom-
enon of heterogeneity of nephron injury within the diseased
kidney [32]. For example, it might be that heightened produc-
tion of renin and angiotensin within certain glomeruli or neph-
rons could contribute to local injury by hemodynamic or
non-hemodynamic actions. In addition to the translocation of
renin into the glomerular tuft, we have also recently noted a
disproportionate amount of renin mRNA in renal tissue adja-
cent to the infarctive scar in the remnant kidney [33]. This latter
migration may arise from relative hypoperfusion of those neph-
rons in a "watershed" zone as suggested by Meyer and Rennke
[34].
The stimulus to the intraglomerular synthesis of renin in the
remnant kidney model and its consequence are uncertain, but
several speculations can be entertained. Augmented renal and
glomerular production of prostaglandins occurs in this model
and might provoke glomerular renin production [35, 36]. Baum-
bach and SkØtt have reported that juxtaglomerular cells vary in
their sensitivity to renin secretagogues depending on their
location in the afferent arteriole [37]. In view of this finding, it
may be that intraglomerular renin producing cells depend upon
particular stimuli. The effects of glomerular renin synthesis are
unknown, but glomerular renin could provide higher levels of
glomerular or mesangial angiotensin than when its synthesis is
confined to the juxtaglomerular apparatus. Such an effect might
augment the known hemodynamic effects of angiotensin with
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elevation of glomerular capillary pressure and reduction of the
glomerular ultrafiltration coefficient [381. Indeed, the remnant
kidney model is characterized hemodynamically by increased
glomerular pressure and a paradoxically "normal" ultrafiltra-
tion coefficient despite morphologic enlargement of the glomer-
ular tuft [39]. This latter paradox, like the elevated pressure,
depends, at least in part, upon the prevailing action of angio-
tensin as inferred from the effects of acute angiotensin II
antagonist infusion [6, 7]. The recruitment of glomeruli to the
synthesis of renin may support these effects. At present, local
glomerular levels of angiotensin II have not been directly
measured in this model to test more fully the role of glomerular
renin in elevating local angiotensin. However, the studies with
acute and chronic blockade of the renin-angiotensin system
suggest a special dependence of the remnant glomerular circu-
lation on the actions of angiotensin [5—7]. More speculatively,
prorenin has been proposed as a growth promoting agent in its
own right [40]. In this regard, either renin or prorenin may be
the dominant species identified in the glomerulus since the
antibody employed for localization reacts with both and the
preparation of glomeruli for the enzymatic assay would activate
prorenin. Thus, both hemodynamic and non-hemodynamic
adjustments of the remnant nephrons may be related to this
change in the distribution of renin synthesis.
The similarity of plasma levels of active renin and total renin
in control and remnant kidney rats suggests that the secretory
rates for active renin and prorenin may be increased for
remnant nephrons. This inference depends on the effect of
subtotal nephrectomy on the metabolic clearance rate for renin.
Although, the metabolic clearance rate falls by about one half
with complete nephrectomy, the expected renal function (GFR)
with subtotal nephrectomy would be about one third to one half
of that of the intact rat [41]. Therefore, the metabolic clearance
rate would likely be greater than one half the control value.
Since the decrease in nephron number is of a greater degree
(typically, the ablative procedure employed leaves 10,000 to
15,000 functioning nephrons as compared to 60,000 in the sham
operated intact rats), the similar steady-state plasma-renin
activities suggest a higher average secretory rate per residual
nephron. Such a higher average secretory rate might be
achieved by any of a number of means. For example, a larger
number of nephrons might be recruited to secrete renin, the
rates of secretion might be enhanced in those secreting renin
initially, and/or novel sites of renin secretion may appear
including scar adjacent tissue and glomeruli. That the renin
content of residual nephrons is higher than that of controls
seems even clearer, since the total renal content is similar in the
two groups (Table 2) despite the lower number of nephrons in
the remnant kidneys. In any case, the similarity of plasma levels
clearly indicates that no systemic elevation of renin activity
occurs in this disease model.
In summary, the glomerular content of renin is augmented in
the remnant glomerulus and the glomerulus likely becomes a
new site for intrarenal renin synthesis. This additional site of
renal renin synthesis may subserve, in part, the altered hemo-
dynamic pattern of the remnant glomerulus.
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